Background Certain biphasic waveforms with specific time ratios of positive and negative components require less energy for successful defibrillation of the fibrillating ventricles than monophasic waveforms. However, if more efficient waveforms were also to be associated with more injurious effects on myocardial function, they might not provide a true biological advantage. This study investigates the relation between defibrillation efficacy and potential toxicity of monophasic and asymmetric, single capacitor, biphasic waveforms with equal durations of positive and negative components.
Methods and Results The myocardial lactate extraction rate (LER) was used to measure the injurious effects on myocardial oxidative metabolism of two synchronized 35 -J shocks in sinus rhythm. LER, mean arterial pressure (MAP) and, in a subset of experiments, cardiac output (CO) and coronary blood flow (CBF) were measured at baseline, 30 seconds, 60 seconds, 90 seconds, 150 seconds, 300 seconds, and 600 seconds after the shocks. In 12 dogs, three different waveforms (M 10: monophasic 10 milliseconds; BI 10: biphasic 10 milliseconds; BI 20: biphasic 20 milliseconds) were tested as series of two consecutive shocks (60 seconds apart) resulting in a total of 36 sets of data. At baseline, LER was 25 ± 11%. After monophasic shocks, LER decreased significantly more than after biphasic W x tith the introduction of nonthoracotomy lead (NTL) systems and the decrease in morbidity and mortality of device implantation,1'2 the implantable cardioverter-defibrillator (ICD) has increasingly been used in patients with severe left ventricular dysfunction. Generally, NTL configurations require higher energy for defibrillation than epicardial lead systems.3-6 Defibrillation energy requirements, however, have been shown to decrease by using specific biphasic shocks with equal duration of positive followed by negative components (5-and 5-millisecond biphasic shocks) in experimental models, whereas other ratios may result in even more superior or actually less efficient shocks.7 Recent clinical availability of biphasic shock capability with its higher defibrillation efficacy allows the successful implantation of NTL systems in more than 90% of patients. 28 Clinically, the higher defibrillation efficacy of certain biphasic waveforms has been reported in several studies. [8] [9] [10] [11] [12] [13] [14] [15] [16] Extensive studies performed in cultured chick embryo myocardial cells have shown that not only defibrillation efficacy but also adverse effects such as postcountershock mechanical dysfunction and arrhythmias depend largely on the waveforms used.14 '16-19 This relation between defibrillation efficacy and potential toxicity is less well studied in in vivo models and clinically, and it remains to be shown whether the potential advantage of the higher efficacy of currently clinically used biphasic waveforms may be outweighed by more injurious effects on myocardial function and therefore provide no true biological benefit. This After acquisition of hemodynamic and metabolic data for the three different shock wave series, the defibrillation efficacy was assessed for each waveform (M 10, BI 10, and BI 20) by determining the defibrillation threshold (DFT) using the same electrode configuration and polarity as before. For DFT estimation, VF was repeatedly induced by burst pacing (output, 10 V; pulse duration, 1.5 milliseconds; cycle length, 20 to 50 milliseconds) at the RVA. After a 10-second period of VF, a high-energy shock at a selected energy was delivered for VF termination, followed by a first rescue shock of 25 J and a second of 40 J if VF was not successfully terminated. A 3-minute recovery period was allowed between each VF induction. An "up-and-down" algorithm was used for determination of the DFT.31 With this algorithm, the actually tested shock energy is determined by the success of the preceding shock. Starting at 15 J, the energy was decreased by 1.0-J steps after each successful shock until failure to defibrillate was encountered. After a nonsuccessful shock, a rescue shock was delivered, and the energy was increased by 1.0 J for the subsequent defibrillation attempt. Depending on the result of this latter defibrillation attempt, we either further increased the energy for the subsequent shock or decreased it again. This algorithm was carried out until a triplicate confirmation of the lowest successful shock energy was found, which was defined as the DFT. This DFT estimation is comparable to the ED50 derived from sigmoidal dose-response curves. 30 The MAP showed a parallel decrease after shocks (Fig 2, bottom) (Fig 3, right) . by ANOVA with factorial analysis), whereas no significant difference between the two biphasic shock waves was found. In 7 of 12 series (58%) of monophasic shocks, lactate production occurred after the shocks, accounting for a negative mean LER for the whole group at 150 seconds of elapsed time (LER1So -6±31%). In contrast, lactate production was observed in only 6 of 22 series (27%) with biphasic shocks (P=.15). There was also a greater decrease in MAP after monophasic shocks, but statistically the difference between M 10 and BI 20 was only borderline significant (Fig 5) . Time (seconds) FIG 4 . Plot shows changes in the lactate extraction rate over time separated by shock waveform. During sinus rhythm, the first 35-J shock (dashed line) was given immediately after the baseline measurements and the second after a 60-second recovery period. After monophasic shocks, the LER turned negative (lactate production) at 150 seconds of elapsed time and was significantly lower compared with biphasic shocks after 150 and 300 seconds (P<.05 by ANOVA with factorial analysis). M 10 indicates monophasic shock wave of 10-millisecond pulse duration; BI When the maximal decrease in LER and MAP were compared (Fig 6) decrease in cardiac output compared with baseline (P<.001 by two-sided paired ttest) was observed after the second shock (t 60), followed by a prolonged recovery. CBF was intermittently increased after the first shock (P=NS compared with baseline) but stabilized within a narrow range of its baseline value during late recovery when the CO was still reduced. Moreover, at the time when the greatest decrease in LER (t 150 and t 300) was observed, coronary perfusion was normal, suggesting that the changes in LER were not CBF-related but reflected a direct depression of myocardial oxidative metabolism.
Influence of High-Energy Shocks on Coronary Flow and Cardiac Output
In the present study, a decreased LER (or a reduced arteriovenous difference between the arterial and coronary sinus lactate concentration) was used as an indicator of depressed myocardial oxidative metabolism. However, to confirm that the increased lactate concentration after shocks measured in the coronary sinus blood was related to a depressed myocardial lactate extraction and did not result from ischemia or an increased lactate supply to the heart as a consequence of elevated coronary perfusion, CO and continuous CBF were additionally measured in eight experiments.
The blood pressure response in this subset was comparable to that of the whole study group (Fig 2) . In all eight experiments, MAP and CO decreased significantly after the shocks with a prolonged and incomplete recovery after 10 minutes in all measured parameters (Fig 7) . After an initial decrease, the peripheral vascular resistance increased in response to the markedly depressed CO and MAP after the second shock and returned to baseline after 10 minutes despite persistently reduced CO (Fig 7) . In three of eight experiments, an early increase in CBF up to 230% was observed after the first shock, whereas in the remaining five of eight experiments, only minimal changes within a 10% to 20% range were found. However, 90 Defibrillation Efficacy of Monophasic and Biphasic Shocks For each waveform, the DFT was assessed after completion of the study protocol. As shown in Fig 8  (left) , the energy requirements for reliable defibrillation were significantly higher for monophasic 10-millisecond shock waves compared with biphasic 10-millisecond waveforms (18.6±8.6 J versus 11.5±4.0 J; M 10 versus BI 10; P<.05). The DFT for biphasic 20-millisecond waveforms (BI 20: 15.0±6.1 J) did not significantly differ from the other two waveforms. If the lowest voltage required for successful defibrillation was compared (Fig 8, right) , there was no significant difference among the three groups, although there was a trend toward a lower leading-edge voltage for biphasic shock waves (540+117 V versus 475+79 V versus 470+97 V; M 10 versus BI 10 versus BI 20, respectively; P=NS). Discussion Although serious adverse effects including death have been observed after high-energy transthoracic defibrillation,20,21,32,33 little is known about the adverse effects of repeated internal defibrillation shocks. In the present study, we have demonstrated that internal defibrillation suppresses myocardial oxidative metabolism and cardiac function for at least several minutes after shock delivery. After two 35-J shocks in sinus rhythm, myocardial lactate extraction and hemodynamic performance assessed by CO and arterial blood pressure were substantially impaired and did not fully recover after 10 minutes of recovery. Biphasic shocks were less injurious on myocardial oxidative metabolism compared with monophasic shocks of the same energy and were also associated with less systemic hypotension. In terms of defibrillation efficacy, biphasic shocks required less energy for defibrillation as reflected in lower DFTs. Given the higher defibrillation efficacy and the less injurious effects on myocardial oxidative metabolism and hemodynamic function, the safety margin between efficacy and toxicity, or the "therapeutic range" of biphasic is better than monophasic shock waves, which might provide an important long-term benefit in patients with frequent ICD discharges.
Mechanisms of Myocardial Defibrillation Injury by

High-Energy Shocks
Since the clinical introduction of direct-current transthoracic defibrillation by Lown et '8,34 after highenergy shocks, suggests that an uncoupling effect on the electron transport chain of the mitochondrial membrane may be the primary mechanism of defibrillation injury. However, a recent study in which isolated mitochondria were exposed to high-energy shocks did not find such an uncoupling effect, and the measured lactate extraction in this cell-free mitochondria preparation remained unaffected.37 Therefore, it was speculated that the in vivo documented suppression of oxidative metabolism might be related to an increased transmembrane permeability and intracellular accumulation of toxic mediators (eg, free intracellular calcium overload or formation of free radicals). This theory is supported by the finding that defibrillation-related myocardial necrosis is reduced by pretreatment with calcium channel blockers but not with f3-adrenoceptor blocking agents. 38 Quantitative Assessment of Myocardial
Defibrillation Injury
For the purposes of our study, myocardial LER was chosen as a quantitative marker of defibrillation injury. Although the LER after shocks manifests great interindividual variability, no significant increase in LER was observed after shocks in any of our experiments (Fig 3) . The finding that LER recovered more slowly after monophasic shocks than after biphasic shocks suggests that biphasic shocks are less injurious on myocardial oxidative metabolism than monophasic shocks of the same energy. Similar to the metabolic changes was also a trend toward greater systemic hypotension after monophasic shocks (Fig 5) . On the basis of our results it appears that metabolic and, to a lesser degree, hemodynamic monitoring are valuable tools for the quantitative comparison of defibrillation injury caused by different shock waves.
In a previous study using a similar defibrillation protocol with two damped cine wave 30-J shocks delivered during sinus rhythm, the investigators reported a maximal decrease in LER from 37% to -20% (lactate production) 2.5 minutes after the first shock. 25 In our study, biphasic shocks of 10-millisecond duration were characterized by significantly lower DFTs than monophasic shocks, whereas biphasic shocks of 20-millisecond duration did not differ significantly from either form (Fig 8) . If 
